INTRODUCTION
Expansion of a hexanucleotide repeat GGGGCC (G 4 C 2 ) in an intron of chromosome 9 open reading frame 72 (C9ORF72) is the most common cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (C9-ALS/FTD) (DeJesusHernandez et al., 2011; Renton et al., 2011) . Unaffected individuals typically have between 2 and 23 G 4 C 2 repeats, while people with C9-ALS/FTD have hundreds or even thousands of repeats. As this mutation accounts for up to 40% of familial cases of ALS and FTD and $5%-10% of sporadic cases (Renton et al., 2011) , there is intense interest in understanding how G 4 C 2 repeat expansions cause disease.
Decreased expression of the C9ORF72 protein may contribute to disease progression in C9-ALS/FTD (O'Rourke et al., 2016) , but the primary driver of pathogenesis in C9-ALS/FTD appears to be toxic gain of function, for which two non-exclusive mechanisms have been proposed. The first posits that C9ORF72 transcripts sequester RNA-binding proteins (Burguete et al., 2015; Xu et al., 2013) , since these transcripts accumulate in the brain and spinal cord of C9-ALS/FTD patients (DeJesus-Hernandez et al., 2011; Gendron et al., 2013; Mori et al., 2013; Zu et al., 2013) . The second centers on toxicity from dipeptide repeat (DPR) proteins produced by repeat-associated non-ATG (RAN) translation, which occurs in the absence of an initiating AUG codon and produces peptides from all reading frames from both sense and antisense transcripts (Zu et al., 2011) . Hexanucleotide repeat expansion in C9ORF72 produces five DPR proteins: glycine-alanine (GA) and glycine-arginine (GR) from sense G 4 C 2 -containing transcripts, proline-arginine (PR) and prolinealanine (PA) from antisense C 4 G 2 -containing transcripts, and glycine-proline (GP) from both sense and antisense transcripts (Gendron et al., 2013; Mori et al., 2013; Zu et al., 2013) . All of these DPRs are produced in C9-ALS/FTD patients and account for cytoplasmic and intranuclear inclusions observed in the brain and spinal cord (Gendron et al., 2013; Zu et al., 2013) .
Some DPR species, those containing arginine (GR and PR) in particular, are toxic. GR and PR peptides are taken up by cultured cells when added exogenously and accumulate in nucleoli, causing RNA processing defects and cell death (Kwon et al., 2014) . Similarly, GR and PR are toxic when expressed in cultured neurons, while similar levels of PA, GA, and PG are well tolerated (Wen et al., 2014) , consistent with findings in Drosophila that GR and PR are toxic in neuronal tissue, whereas GA is modestly toxic and GP and PA are non-toxic Mizielinska et al., 2014; Wen et al., 2014) . A recent series of studies provided converging evidence that at least one downstream consequence of the C9ORF72 mutation is impaired trafficking through the nuclear pore Jovi ci c et al., 2015; Zhang et al., 2015) . Two of these studies were based on complex disease models expressing expanded G 4 C 2 RNAs and multiple DPR proteins Zhang et al., 2015) , but one used PR overexpression in yeast, suggesting that this DPR species alone is sufficient to impair nuclear pore trafficking (Jovi ci c et al., 2015) . Other studies have reported toxicity with GA expression in cultured cells or AAV-mediated delivery to mouse brain, so multiple DPR species may contribute to disease (Zhang et al., 2016; Zhang et al., 2014) . The relative contribution of RNA-versus DPR-mediated toxicity to C9-ALS/FTD pathogenesis, as well as the identities of the most potent DPR species and their mechanisms of toxicity, are pressing questions in the field.
An additional unresolved question is the extent of mechanistic overlap between the many distinct genetic forms of ALS, FTD, and related diseases that share the same histopathology. Accumulation of the RNA-binding protein TDP-43 in ubiquitinated cytoplasmic inclusions is the hallmark pathology of sporadic and most familial ALS and FTD, including C9-ALS/FTD (Taylor et al., 2016) . The discovery of ALS/FTD-causing mutations in TDP-43 and related RNA-binding proteins, including FUS and hnRNPA1, focused attention on the role of RNA-binding proteins in ALS/FTD pathogenesis (Kim et al., 2013; Kwiatkowski et al., 2009; Vance et al., 2009) . Notably, disease-causing mutations in TDP-43, FUS, and hnRNPA1 are most frequently located in low complexity sequence domains (LCDs) of these proteins. LCDs in these and related RNA-binding proteins contribute to the assembly of membrane-less organelles such as RNA granules (Kato et al., 2012) . Recently, we and others demonstrated that liquid-liquid phase transition (LLPS) by hnRNPs harboring LCDs, such as hnRNPA1, TIA1, and FUS, contributes to the assembly and liquid properties of stress granules (Lin et al., 2015; Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015) . Importantly, disease mutations in LCDs alter this biophysical property, accelerate the formation of amyloid-like fibrils, and disrupt the dynamics and functions of membrane-less organelles (Taylor et al., 2016) .
Here, we determined that the two arginine-containing DPRs produced from mutant C9ORF72, GR and PR, interact with RNA-binding proteins and other proteins harboring LCDs, including TDP-43, hnRNPA1, and FUS. We show that GR and PR insinuate into liquid assemblies of LCDs, alter their material properties, and disrupt the dynamics and functions of membrane-less organelles in living cells. These observations suggest a shared pathogenic mechanism for disease initiated by C9ORF72 mutations and mutations in genes encoding RNAbinding proteins.
RESULTS

GR/PR Interactomes Are Enriched in Proteins Containing LCDs
To gain insight into the mechanisms underlying DPR-mediated toxicity, we analyzed the interactomes of DPR proteins in human cells. GFP-conjugated 47 or 50 repeat DPR proteins (GFP-GA 50 , GFP-GP 47 , GFP-PA 50, GFP-GR 50 , and GFP-PR 50 ) were expressed in human embryonic kidney (HEK293T) cells and immunoprecipitated with anti-GFP nanobody. By gel staining, we found that arginine-containing DPRs, GFP-GR 50 and GFP-PR 50 , interacted with numerous proteins, whereas GFP-GA 50 , GFP-GP 47 , and GFP-PA 50 showed no enrichment of bound proteins compared to GFP control (Figures S1A and S1B) . After analysis of co-purified proteins by liquid chromatography-tandem mass spectrometry (LC-MS/MS), we measured the specificity and reproducibility of individual interactions using the significance analysis of interactome (SAINT) approach (Figures 1A and S1D) (Choi et al., 2011) . Western blotting confirmed a subset of high-scoring interactions ( Figure S1C and data not shown). We identified 389 DPR-interacting proteins using a SAINT score cutoff of 0.6 ( Figure S1D ; Table S1 ): this number decreased to 202 with a stringent cutoff of 0.9 (Figures 1B and S1D) . Of these 202 proteins, 196 were associated with either GFP-GR 50 or GFP-PR 50 , 6 were identified as GFP-GA 50 -specific interactors, and no proteins were identified as GFP-GP 47 -or GFP-PA 50 -specific interactors.
Among the 196 GFP-GR 50 or GFP-PR 50 interactors, 81 proteins were associated with both GFP-GR 50 and GFP-PR 50 , far more overlap than expected by chance (p = 1.17E-37). Among these interactors are ALS/FTD-related RNA-binding proteins, including TDP-43, FUS, hnRNPA1, hnRNPA2B1, Matrin-3, and Ataxin-2. Moreover, these common interactors showed significant enrichment in proteins containing LCDs; whereas LCDs are in 35.8% of human proteins, 67.9% of GFP-GR 50 and GFP-PR 50 common interactors contained LCDs (Figure 1C) . Consistent with this observation, a companion manuscript from McKnight and colleagues uses a covalent crosslinking approach yielding similar overlap in PR interactomes (p = 9.3 3 10 À274 ; Lin et al., 2016) . Consistent with the emerging role of LCDs in mediating the higher order assembly of membrane-less organelles and related structures, gene ontology analysis of the full GR/PR interactome revealed that GFP-GR 50 and GFP-PR 50 interactors were significantly enriched in RNA-binding proteins and components of membrane-less organelles, including RNP complexes or granules, nucleoli, spliceosomes, and the nuclear pore complex ( Figure 1D ), suggesting that membrane-less organelles and related structures might be common targets of argininecontaining DPRs.
Arginine-Containing DPR Proteins Drive C9orf72 G 4 C 2 Repeat Toxicity in Drosophila To assess the contribution of each DPR protein to the toxicity associated with C9orf72-mediated neurodegeneration, we used transgenic flies with alternative codons to G 4 C 2 to directly express 47 or 50 repeats of GR, PR, GA, GP, and PA, with an AUG start codon and amino-terminal GFP Wen et al., 2014) . Expression of GFP-GA 50 , GFP-GP 47 , or GFP-PA 50 in eyes using GMR-GAL4 did not elicit a degenerative eye phenotype ( Figure 2A ). By contrast, expression of GFP-GR 50 or GFP-PR 50 resulted in severely degenerated eyes (Figure 2A ), consistent with previous reports indicating that arginine-containing dipeptides are toxic in cultured cells and Drosophila Jovi ci c et al., 2015; Kwon et al., 2014; Mizielinska et al., 2014; Wen et al., 2014) . The toxicity of GR and PR also extends to other tissues: expression of GFP-GR 50 or GFP-PR 50 in motor neurons (using driver OK371-GAL4) or eyes (using GMR-GAL4, which has some leakiness in the brain) caused pupal lethality, whereas GFP-GA 50 , GFP-GP 47 , or GFP-PA 50 had no effect on viability ( Figures 2B and 2C ). Increasing the temperature, which boosts transgene expression, further decreased survival in flies expressing GFP-GR 50 or GFP-PR 50 (Figures 2B and 2C) . We then crossed in deGradFP (Caussinus et al., 2011) to target GFP-GR 50 peptides for proteasomal degradation. This rescued the eye phenotype ( Figures S2A and S2B ), demonstrating that GFP-GR 50 caused toxicity at the protein level. Toxicity of GFP-GR 50 or GFP-PR 50 was also observed in mammalian cells of neuronal origin, Neuro-2a cells, consistent with a prior report of PR and GR toxicity in neurons (Wen et al., 2014) ( Figure 2D ). Cells expressing GFP-GA 50 showed a trend toward increased cell death ( Figure 2D ). Thus, the highly basic, arginine-containing DPR proteins stand apart as particularly toxic in Drosophila and mammalian cells.
DPR Protein Interactors Are Genetic Modifiers of GR50-Mediated Toxicity in Drosophila
We performed an in vivo RNAi screen as an orthologous approach to assess the functional significance of the argininecontaining DPR interactomes. GFP-GR 50 -expressing flies were crossed with Drosophila lines expressing double-stranded RNA (dsRNA), which use a GMR-GAL4 driver to knock down selected genes and show $50% viability at 22 C, allowing for detection of enhancer and suppressor effects. A total of 126 GR/PR interactors for which close Drosophila orthologs exist were tested (Table S2) . To minimize variability due to genetic background, we set the basal viability range at 25%-48%, based on the survival rate of GFP-GR 50 -expressing flies crossed with two genetically distinct parental controls, V60100 and w1118 ( Figure S2C ). Remarkably, 84.9% of the GR/PR interactors were genetic modifiers of GFP-GR 50 toxicity ( Figure S2C ). This targeted screen identified 80 suppressors (63%), including 35 (28%) strong suppressors whose depletion increased viability to >70%. The screen also identified 27 enhancers (21%), including 21 that reduced viability to <15%. The high frequency of genetic modifiers in the GR/PR interactome underscores the relevance of these interactions to DPR-related toxicity. Importantly, most of these genetic modifiers encode components of membrane-less organelles, suggesting that disturbance in the function of membrane-less organelles contributes to GR/PR toxicity ( Figure 2E and S2D) . (B and C) Egg-to-adult viability phenotypes resulting from (B) OK371-GAL4-driven or (C) GMR-GAL4-driven expression of indicated transgenes at indicated temperatures. n = 3 biological repeats, ****p < 0.0001 by two-way ANOVA, Tukey's post hoc test.
(legend continued on next page)
Overlap in Genetic Modifiers of Toxicity from GR/PR and Expanded-G 4 C 2 Repeat Several genetic modifiers of GR toxicity identified among the GR/PR interactome (e.g., ALYREF, XPO1, TNPO1, and GLE1) were also identified in a prior unbiased, whole-genome screen for modifiers of flies expressing expanded (G 4 C 2 ) repeats . To assess the extent of overlap between these datasets, we further assessed the 35 strongest suppressors and 21 strongest enhancers in our Drosophila model expressing 58 G 4 C 2 repeats. 23 of 35 suppressors (65.7%) and 13 of 21 (61.9%) enhancers modified the rough eye phenotype in (G 4 C 2 ) 58 -expressing flies, similar to their effects on GFP-GR 50 fly viability (Figures S2E and S2F) .
To assess specificity, we tested the same candidate modifiers in a Drosophila model expressing polyglutamine (polyQ) expansion in the androgen receptor (AR(polyQ) 52 ) (Nedelsky et al., 2010 ), a neurodegenerative model unrelated to C9orf72, and found very little overlap (Figures S2E and S2F) . Cluster dendrogram analysis demonstrated that the overlap of shared modifiers of GR and (G 4 C 2 ) 58 toxicities was significantly greater than shared modifiers with AR(polyQ) 52 toxicity, suggesting a common pathogenic mechanism by which GR and G 4 C 2 expansion cause toxicity. Thus, some portion of the degeneration driven by G 4 C 2 expansion in Drosophila, if not all, may be driven by DPR expression.
Arginine-Containing DPRs Are Recruited to Specific Nucleolar Substructures
We next examined the distribution of GFP-GR 50 and GFP-PR 50 in mammalian cells. We found GFP-GR 50 in both the cytoplasm and nucleus, GFP-PR 50 predominantly in the nucleus, and both GFP-GR 50 and GFP-PR 50 in the nucleolus, all consistent with prior reports (Kwon et al., 2014; Wen et al., 2014) (Figures S3A and S3B) . Similar localization patterns were observed with mCherry-GR 50 and -PR 50 ( Figure 3A ) and with fluorescein amidite-labeled peptides of GR 20 and PR 20 added to the culture media ( Figure S3C ). Nucleoli consist of three morphologically distinct regions: fibrillar centers (FCs) surrounded by a dense fibrillar component (DFC), both embedded in a liquid-like granular component (GC) (Boisvert et al., 2007; Brangwynne et al., 2011) . These regions host different aspects of ribosome biogenesis and have different biophysical properties (Boisvert et al., 2007) . Super-resolution microscopy using structured illumination (SIM) revealed that GR and PR are recruited to the NPM1-positive GC but excluded from the upstream binding factor (UBF)-positive FC ( Figure 3B ), and GR, but not PR, was enriched in the Fibrillarin-positive DFC ( Figure 3C ).
Recruitment of GR and PR to the GC is consistent with the observed physical interaction of both DPRs with GC component NPM1 ( Figure 1A) . None of the non-arginine DPRs showed accumulation in the nucleolus or its individual compartments (Figure S3A and S3B) . We further assessed association of GR and PR with nucleolar components by fluorescent recovery after photobleaching (FRAP). GFP-GR 50 and GFP-PR 50 showed prolonged recovery time after photobleaching compared to GFP control ( Figures S3D and S3E) , consistent with tighter physical interaction with a nucleolar constituent. Despite the comparable recovery times of GFP-GR 50 and GFP-PR 50 , GFP-GR 50 showed a smaller mobile fraction, indicating a more stable interaction with one or more nucleolar constituents ( Figures S3D and  S3E) , possibly due to its tight association with less mobile DFC components (Feric et al., 2016) in the nucleolus ( Figure 3C ).
In contrast to the dynamic association of GFP-GR 50 and GFP-PR 50 with the nucleolus, GFP-GA 50 forms prominent cytoplasmic aggregates that are non-dynamic and show no fluorescence recovery after photobleaching. Moreover, when cells were treated with the aliphatic alcohol 1,6-hexanediol, which can disturb labile, phase-separation assemblies (Kroschwald et al., 2015; Molliex et al., 2015) , GFP-GR 50 and GFP-PR 50 are washed away from accumulation in nucleoli, whereas GFP-GA 50 cytoplasmic aggregates persist ( Figure S3F ). Finally, when cells expressing GFP-GR 50 , GFP-PR 50 , or GFP-GA 50 were subjected to serial detergent extraction, GFP-GR 50 and GFP-PR 50 were mostly in the RIPA-soluble fraction (containing 0.1% SDS), whereas GFP-GA 50 was more soluble in the urea fraction ( Figure S3G ). This difference in solubility reflects their distinct physicochemical properties: GR and PR peptides (and the non-toxic GP and PA dipeptides) form flexible, expanded coils, which are expected to remain soluble ( Figure S4A ), while the GA dipeptide, composed of small hydrophobic residues and devoid of charge, is expected to collapse into poorly soluble globules and form aggregates through inter-and intramolecular interactions.
Arginine-Containing DPRs Impair Biophysical Properties of NPM1 In Vitro NPM1 is abundant in the GC and helps organize this liquid-like component of the nucleolus (Mitrea et al., 2016) . It is a multivalent protein containing three acidic LCD tracts permitting interaction with many nucleolar binding partners with multivalent arginine-rich motifs (R-motifs) (Mitrea et al., 2016) . Along with R-motif-containing proteins, NPM1 undergoes LLPS to form liquid-like droplets believed to reflect the liquid-like properties of the GC (Mitrea et al., 2016) ( Figure 3D ). Due to the high arginine content of GR and PR, we hypothesized that these dipeptides might interfere with nucleolar function by directly interacting with NPM1 and altering its interactions with R-motif-containing partners. Indeed, FLAG-GR 20 and -PR 20 peptides directly interacted with purified NPM1 in vitro ( Figures S4A and S4B) . Remarkably, although neither NPM1 nor GR 20 -FLAG/PR 20 -FLAG peptides underwent LLPS in isolation, LLPS was observed when NPM1 was added, indicating that interaction of argininecontaining DPRs with NPM1 is sufficient to induce LLPS (Figure 3E) . LLPS occurred at a NPM1:DPR stoichiometric ratio of (D) MTT assay following ectopic expression of indicated DPR constructs in Neuro-2a cells. n = 5 biological repeats, **p < 0.01, ***p < 0.001 by one-way ANOVA. 1:1 and was reduced or absent with excess GR 20 or PR 20 ( Figure 3G ). These observations suggest that the multivalent R-motifs in DPRs, at equimolar ratios, form dynamic crosslinks between NPM1 pentamers, mediating LLPS as previously described for other multivalent R-rich peptides derived from nucleolar proteins (Mitrea et al., 2016) . We next investigated whether adding GR 20 or PR 20 peptides would influence the ability of NPM1 to undergo LLPS with one of its native nucleolar binding partners, SURF6. Using a fixed concentration of NPM1 (20 mM), we titrated increasing amounts of SURF6 peptide and observed LLPS only when SURF6 concentrations exceeded 20 mM ( Figure 3F ). Co-addition of increasing concentrations of GR 20 or PR 20 peptides substantially reduced the critical concentration of SURF6 necessary to induce LLPS ( Figure 3F ), suggesting cooperation between the two peptides in mediating LLPS. However, concentrations of GR 20 and PR 20 peptides in excess of that of NPM1 inhibited LLPS at any SURF6 concentration ( Figure 3F ). Moreover, pre-formed NPM1/SURF6 droplets were dissolved by addition of excess GR 20 or PR 20 , suggesting that GR 20 or PR 20 peptides are able to outcompete SURF6 for interaction with NPM1 ( Figures 3H  and 3I ) and adopt a bound conformation incompatible with LLPS. In contrast, non-arginine-containing DPR peptides (GP 20 and PA 20 ) did not undergo LLPS with NPM1 and failed to influence pre-formed NPM1/SURF6 droplets ( Figures 3E and S4C ).
Arginine-Containing DPRs Impair Nucleolar Dynamics and Function in Live Cells
To test the in vivo consequences of GR and PR interaction with nucleolar constituents, we assessed the impact of these DPRs on the mobility of NPM1 and Nucleolin (NCL) in living cells with FRAP. NPM1 and NCL both physically interact with GR/PR (Figure 1A ; Table S1 ) and genetically suppress GR toxicity in vivo ( Figures 2E and S2C ). After photobleaching a single nucleolus labeled by GFP-NPM1, $60% of fluorescence signal recovered within $120 s, indicating a mobile fraction in dynamic equilibrium with the surrounding nucleoplasm ( Figures 4A and 4B ). Expression of mCherry-GR 50 or mCherry-PR 50 slowed NPM1 recovery after photobleaching and significantly increased the NPM1 immobile fraction, consistent with strong interactions between GR/PR and NPM1 (Figures 4A and 4B) .
NCL is primarily located in the DFC (Ginisty et al., 1999 ) and directly interacts with synthetic GR 20 -FLAG and PR 20 -FLAG peptides, showing greater association with GR than PR (Figure S4B) . When we photobleached a single nucleolus labeled by GFP-NCL, approximately 60% of fluorescence signal recovered within $10 s ( Figures 4C and 4D) . PR 50 or GR 50 reduced the mobile fraction of NCL, with GR 50 showing a more potent effect, consistent with the binding data ( Figures 3C, 4C , 4D, and S4B). This phenomenon is specific, as the mobility of DDX47, a nucleolar protein that neither contains an LCD nor interacts with GR50 or PR50, was unaffected by GR 50 or PR 50 expression ( Figures S4D and S4E ).
We also examined the impact of GR 50 and PR 50 accumulation on the morphology of nucleolar substructures with super-resolution SIM microscopy, using UBF1 staining to identify the FC and Fibrillarin staining to identify the DFC. The diameter of the FC in cells expressing GFP did not significantly differ from that of untransfected cells but was significantly enlarged in cells expressing GR 50 and PR 50 ( Figure 4E ). Total rRNA in cells expressing GFP-GR 50 or GFP-PR 50 was significantly reduced compared to neighboring untransfected or GFP-expressing cells (Figures 4F and 4G) , consistent with prior reports of decreased processing and maturation of rRNA in cells treated with PR 20 peptide (Kwon et al., 2014) and in C9-ALS/FTD patient-derived cells and tissue (Haeusler et al., 2014) . Together, these results indicate that interaction of arginine-containing DPRs with nucleolar proteins impacts their biophysical properties, alters nucleolar dynamics, and impairs nucleolar function.
GR and PR Interact with Stress Granule Proteins
Cytoplasmic stress granules are membrane-less cytosolic bodies assembled by mRNAs and proteins when translation initiation is limiting (Anderson and Kedersha, 2009 ). Many GR/PR physical and genetic interactors are components of these structures and are essential for their assembly and dynamics (Figures 1A and 2E;  Table S1 ). The LCD-containing G3BP1 and G3BP2 (hereafter G3BP) and its binding partner Caprin1 both promote (legend continued on next page) stress granule assembly (Kedersha et al., 2016) and were identified as strong enhancers of GR-mediated toxicity in our RNAi screen ( Figure 2E ). USP10, which also binds to G3BP but inhibits stress granule assembly (Kedersha et al., 2016) , was identified as a suppressor. These observations suggest that stress granule biology is tightly associated with DPR-mediated toxicity.
GR and PR Induce Spontaneous Assembly of Poorly Dynamic Stress Granules and Impair Translation Cytosolic GR 50 showed frequent colocalization with stress granule markers ( Figures 5A and S4 ). Although GFP-PR 50 was not detectable in stress granules, expression of GR 50 or PR 50 was associated with spontaneous stress granule assembly in both HeLa and U2-OS cells ( Figures 5A and 5B), and numerous stress granule proteins were detected in PR/GR-induced stress granules ( Figures S5A-S5E ). Live imaging of HeLa cells for 14 hr revealed that these stress granules were poorly dynamic, very rarely disassembled, and their frequency increased with time ( Figure 5C ; Movies S1-S3). Hazard analysis revealed that the risk of death in GR 50 -positive or PR 50 -positive cells forming stress granules approached 87.5% and 70.0%, respectively, over the 14 hr window ( Figure 5D ). Stress granules are thought to represent a pool of mRNPs stalled in the process of translation initiation (Anderson and Kedersha, 2009 ). Therefore, we assessed the impact of GR 50 / PR 50 -induced stress granules on translation. Results from two independent methods (puromycin incorporation [Schmidt et al., 2009] GR and PR Directly Interact with LCD-Containing RNABinding Proteins and Alter Their Biophysical Properties RNA-binding proteins with LCDs undergo concentration-dependent LLPS to form liquid droplets, a property believed to contribute to the assembly and liquid properties of stress granules (Lin et al., 2015; Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015) . hnRNPA1 and TIA-1 are prototypical hnRNPs consisting of two or three folded RNA recognition motifs (RRMs), respectively, with C-terminal LCDs ( Figures 6A, 6D , S6A, and S6D). Under conditions in which hnRNPA1 and TIA-1 formed liquid droplets, tetramethylrhodamine (TAMRA)-labeled GR 20 (TAMRA-GR 20 ) and PR 20 (TAMRA-PR 20 ) peptides were recruited into these protein-dense droplets, whereas TAMRA-PA 20 and TAMRA-GP 20 peptides were not ( Figures 6B and 6E ). Importantly, the presence of GR 20 or PR 20 substantially decreased the critical concentration of hnRNPA1 or TIA-1 required for LLPS, whereas neither PA 20 nor GP 20 impacted LLPS by hnRNPA1 or TIA-1 ( Figure 6C and 6F). Consistent with these observations, FRAP analysis showed that GR 20 or PR 20 significantly altered dynamic exchange of hnRNPA1 ( Figures S6B and S6C ) and TIA-1 ( Figures S6E and S6F ) between the dense droplet phase and the surrounding mono-disperse phase, suggesting that these peptides strengthen the multivalent interactions that comprise the liquid phase of hnRNPA1 and TIA-1. Moreover, incorporation of GR 20 or PR 20 changed the material properties of hnRNPA1 droplets, which are normally highly fusible and readily wet the coverslip (Movie S4) but, with addition of GR 20 or PR 20 , fail to wet the surface of the coverslip or to fuse over time (Movie S5), suggesting that these droplets have higher surface tension ( Figure S6 ).
GR and PR Alter Stress Granule Dynamics in Live Cells
We next monitored G3BP1, which directly interacts with GR and PR ( Figure S4B) , to assess the impact of GR and PR on stress granule dynamics in living cells. G3BP1-GFP was distributed diffusely in the cytoplasm of untreated HeLa cells ( Figure 5C ) but rapidly assembled into stress granules upon NaAsO 2 treatment ( Figure 6G ). FRAP analysis showed G3BP1-GFP in stress granules is in rapid dynamic equilibrium with the cytoplasm (Figures 6G and 6H) . mCherry-GR 50 or mCherry-PR 50 expression induced spontaneous assembly of stress granules and impaired the dynamic exchange of G3BP1-GFP between the stress granule and the cytoplasm. GR or PR reduced the rate of fluorescence recovery and decreased the mobile fraction after photobleaching of G3BP1-GFP within stress granules (Figures 6G and 6H) , suggesting that these peptides strengthen the multivalent interactions that comprise the liquid phase of stress granules in living cells.
GR and PR Alter Nuclear Speckle Dynamics and Cajal Body Assembly in Live Cells
Nuclear speckles, also known as interchromatin granule clusters, are membrane-less nuclear organelles enriched in pre-mRNA splicing and transcription factors (Wansink et al., 1993) and recently found to have dynamic, liquid-like properties (Marzahn et al., 2016) . Cajal bodies are another type of membrane-less nuclear organelle, enriched in snRNPs and serving as a site of spliceosome assembly (Machyna et al., 2015) . Components of both of these membrane-less organelles were identified in the GR/PR interactome ( Figure 1A ; Table S1 ) and as genetic modifiers of GR toxicity in Drosophila ( Figures 2E, S2C , and S2D). For example, the splicing factor and nuclear speckle component SRSF7 interacted strongly with GFP-PR 50 but weakly with GFP-GR 50 (Figure S1C) . FRAP analysis showed that fluorescence recovery of SRSF7-GFP in nuclear speckles was significantly reduced by mCherry-PR 50 , but not mCherry-GR 50 ( Figures 7A and 7B ). The splicing factor SRSF2 (also called SC-35) is another nuclear speckle component that was not identified in the GR/PR interactome. In contrast to SRSF7, SRSF2 mobility was not influenced either by mCherry-PR 50 or mCherry-GR 50 , suggesting that GR and PR specifically impact the dynamics of proteins they interact (E) Translation efficiency in HeLa cells as visualized by measuring puromycin (red) incorporation into nascent peptides; Green, GFP; Purple, EIF4G. Scale bar, 10 mm. (F) Quantification of translation in HeLa cells as visualized in (E) . n = 3 biological repeats, ***p < 0.001 by one-way ANOVA. (G) Translational inhibition as assessed by metabolic assay monitoring incorporation of S 35 into newly translated proteins. n = 5 biological repeats, ***p < 0.001, **p < 0.01, *p < 0.05, two-way ANOVA, Dunnett's post hoc test. Data are represented as mean ± SEM in (F) and (G). See also Figure S5 and Movies S1-S3.
with ( Figure S7 ). To examine Cajal bodies, we stained for their principal structural component, Coilin (Machyna et al., 2015) . In untransfected and GFP-expressing GFP cells, we detected multiple Cajal bodies in most nuclei, but cells expressing GFP-PR 50 or GFP-GR 50 were often devoid of Cajal bodies ( Figure 7C ). Thus, nuclear speckles and Cajal bodies are additional (G) G3BP1-GFP-transfected HeLa cells were either treated with NaAsO2 to induce stress granules or co-transfected with mCherry-GR 50 , followed by photobleaching (yellow circle) and monitoring for fluorescence recovery. Scale bar, 10 mm.
(H) Fluorescence of the photobleached region over time. Data are represented as mean ± SEM for n = 7-8, ***p < 0.001 by Student's t test, paired. See also Figure S6 and Movies S4 and S5.
membrane-less organelles whose dynamics and/or assembly are impaired by GR and PR.
DISCUSSION
Despite efforts to define the basis of repeat expansion toxicity in C9-ALS/FTD, the field has struggled to integrate seemingly disparate findings, such as evidence of impaired nucleolar function (Kwon et al., 2014; Wen et al., 2014) , disturbances in nucleocytoplasmic transport Jovi ci c et al., 2015; Zhang et al., 2015) , altered RNA splicing (Prudencio et al., 2015) , impaired trafficking of RNA granules (Alami et al., 2014; Burguete et al., 2015) , and impaired translation (Kanekura et al., 2016) . Furthermore, despite extensive clinicopathological overlap in ALS/FTD caused by mutation in C9ORF72 and RNAbinding proteins, a cohesive view of pathogenesis has been lacking. Here, we unite these pathogenic mechanisms, demonstrating that DPRs, in particular GR and PR, disturb phase transitions mediated by LCDs. This finding mirrors the defects in phase transitions observed with disease-causing mutations LCDs in TDP-43, FUS, and hnRNP1 (Lin et al., 2015; Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015) . Furthermore, the altered assembly, dynamics, and function of membrane-less organelles that result from disturbed phase transitions fully account for the widespread cellular abnormalities observed in ALS/FTD. We are only beginning to understand the molecular details that mediate LLPS in living cells, but a common underlying principle seems to be the formation of a network of relatively weak, multivalent interactions (Li et al., 2012) . Many of the proteins that drive LLPS belong to the general class of intrinsically disordered proteins that make up about one-third of the human proteome (Oldfield and Dunker, 2014). Examination of the LCDs that underlie LLPS reveals a sequence bias that provides a biophysical basis for the weak and dynamic interactions that occur between the macromolecules concentrated within the dense, liquid phase. Within these long stretches of low overall amino acid diversity is an enrichment in specific amino acids, such as glycine and those with polar, positively or negatively charged, or aromatic sidechains (Brangwynne et al., 2015) . Often these residues are present within LCDs as reiterated short motifs, providing a potential basis for multivalency. While the nature of the interactions mediated by LCDs that permit LLPS remains unclear, certain clues are beginning to emerge. For example, we previously showed that LLPS of hnRNPA1, a component of stress granules, is enthalpy driven and that aromatic and electrostatic interactions are driving forces (Molliex et al., 2015) . Indeed, hnRNPA1 is enriched in the aromatic residues phenylalanine and tyrosine and the positively charged residue arginine relative to the overall eukaryotic proteome (Hormoz, 2013) . Moreover, the LCD of hnRNPA1 is patterned: aromatics and positively charged residues, mainly arginines, are well distributed. Thus, these features may represent reiterated interaction motifs in the background of a polar polymer and enable multivalent, weak interactions that drive LLPS during stress granule assembly. Analogously, NPM1, containing multivalent acidic LCDs, undergoes LLPS with nucleolar proteins that contain multivalent, linear argininerich motifs (Mitrea et al., 2016) . The importance of arginine-rich motifs in both of these examples likely relates to the ability of this residue to participate in charge-charge and Pi-cation interactions within the multivalent network (Brangwynne et al., 2015) . However, this feature also creates an exquisite vulnerability to the inappropriate expression of the C9ORF72 DPRs' GR and PR. Indeed, nature would be hard-pressed to engineer a more potent toxin to membrane-less organelles than polymers of arginine.
As discussed earlier, an appreciation for the importance of the RNA-binding protein TDP-43 in ALS and FTD pathogenesis (Neumann et al., 2006; Kim et al., 2013; Kwiatkowski et al., 2009; Vance et al., 2009) , as well as inclusion body myopathy (IBM) (Salajegheh et al., 2009) , has emerged. Disease-causing mutations in two familial forms of IBM were also identified in the RNA-binding proteins hnRNPDL and TIA-1 (Hackman et al., 2013; Klar et al., 2013; Vieira et al., 2014) , with the pathogenic TIA-1 mutations impairing stress granule dynamics (Hackman et al., 2013) . Disease-causing mutations in these RNA-binding proteins are most frequently located in the LCDs (Taylor et al., 2016) and can alter their biophysical properties, accelerate the formation of amyloid-like fibrils, and disrupt the dynamics and functions of membrane-less organelles (Kim et al., 2013; Lin et al., 2015; Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015) . We propose a common mechanism of pathogenesis for genetically overlapping forms of ALS, FTD, and IBM, namely disturbances in the biophysical properties of LCDs that disrupt the dynamics and functions of multiple membrane-less organelles.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author J. Paul Taylor (JPaul.Taylor@STJUDE.ORG).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Generation of Drosophila Lines and Drosophila Stocks
The GFP-GP 47 , GFP-GA 50 , and GFP-GR 50 Drosophila stocks used were previously described . The GFP-PA 50 and GFP-PR 50 stocks were kindly provided by Udai Pandey (Wen et al., 2014) . Flies were raised at 25 C on a standard diet. RNAi stocks were obtained from either the Bloomington Drosophila Stock Center or the Vienna Drosophila RNAi Center. DPR expression Drosophila lines RNAi lines were obtained from either the Bloomington Drosophila Stock Center or the Vienna Drosophila RNAi center. Drosophila lines used are listed in Table S2 .
Cell Culture HEK293T, HeLa, U2OS, and Neuro2a cells were cultured in DMEM (HyClone) supplemented with 10% fetal bovine serum and 1% antibiotics, and maintained at 37 C in a humified incubator with 95% air and 5% CO 2 .
METHODS DETAILS
Proteomic Analysis pEGFP-C3, pEGFP-GR 50 , pEGFP-PR 50 , pEGFP-GA 50 , pEGFP-GP 47 or pEGFP-PA 50 plasmid was transfected into HEK293T cells by using lipofectamine 2000 (Invitrogen) as manufacturer's instruction. Forty-eight hours post-transfection, cells were lysed in lysis buffer (10mM Tris/Cl [pH 7.5]; 150mM NaCl; 0.5mM EDTA; 0.5% NP-40) with protease inhibitor (cOmplete Mini EDTA-free protease inhibitor Cocktail, Roche). 1mg of cell extracts were incubated with GFP-Trapâ_MA beads, and incubated for 1 hr at 4 C. Magnetically separated samples were resuspended and boiled in 2x LDS sample buffer (NuPAGEâ LDS sample buffer, Life technologies), and then were analyzed by mass-spectrometry. Mass-spectrometry results were analyzed by SAINT scoring method, CRAPome (Mellacheruvu et al., 2013) , and DPR interacting proteins showing over 0.9 SAINT score were analyzed by DAVID bioinformatics tool. The overlapping probability between GR and PR interactors (SAINT > = 0.9) was calculated based on the hypergeometric distribution. The population size consisted of all unfiltered GR or PR interactors (SAINT > = 0.0).
Define Proteins with Low Complexity Sequence Domain
Swiss-Prot annotated human proteome was downloaded from the UniProt database (UniProt Consortium, 2015) . SEG with default parameters (Wootton and Federhen, 1996) was used to search for the low complexity sequence region (LCR) in the human proteome. After examining the LCR length distribution, protein region with a span of 20 LCR residues was defined as a low complexity sequence domain.
Drosophila Eye and Viability Analysis
Phenotypic analysis of DPR expression in the Drosophila eye was assessed by crossing GFP, GR 50 , PR 50 , GA 50 , GP 47 and PA 50 lines to GMR-GAL4 or OK371-GAL4 at different temperatures. Eye phenotypes are representative images resulting from Drosophila crosses, the phenotypes were validated by 4 independent crosses. GFP-GR 50 expression Drosophila lines were crossed with RNAi lines targeting GR 50 or PR 50 interacting proteins. Viability was checked by counting adults and dead pupae.
Transient Transfection
For transient transfection, lipofectamine 2000 (Invitrogen) for 293T and FuGENE 6 (Promega) for HeLa were used as per the manufacturer's instructions.
Immunofluorescence and Microscopy
Cells were seeded in 8-well chamber slides (Millipore), and grown for 24h, prior to being transfected with DPR expressing plasmids, and incubated for an additional 48h. Cells were then fixed with 4% paraformaldehyde (Electron Microscopy Science), and then permeabilized with 0.2% Triton X-100. Mouse anti-G3BP1 (BD Transduction Lab), mouse anti-EIF4G (1:200, Santa Cruz Biotechnology), mouse anti-5.8 s rRNA oligonucleotides specific antibody (Y10b, Novus Biologicals), goat anti-eIF3h (1:200, Santa Cruz Biotechnology), rabbit anti-Coilin (1:400, Abcam), rabbit anti-TDP43 (1:350, Proteintech), mouse anti-NPM1 (1:200, Thermo), rabbit anti-PABPC1 (1:400, Abcam), rabbit anti-PTBP1 (1:200, Millipore), goat anti-IPO7 (1:400, Abcam), and goat anti-TIA-1 (1:400, Santa Cruz Biotechnology) were used as primary antibodies for immunofluorescence. For visualization, the appropriate host-specific Alexa Fluor 488, 555, or 647 (Life Technologies) secondary was used.
For immunofluorescence microscopic imaging, slides were mounted with ProLong Diamond Antifade Mountant with DAPI (Invitrogen). Images were captured using LSM 780 NLO (Zeiss) or Leica TCS SP8 STED 3X confocal microscope with a 63x objective.
Structured Illumination Microscopy (SIM)
HeLa cells were seeded and grown on sterilized 18mm round #1.5 glass coverslips (Warner Instruments). 24 hr after seeding, the cells were transfected with DPR expressing plasmids and incubated for 48 hr. Then the cells were fixed with 4% paraformaldehyde (Electron Microscopy Science), permeabilized with 0.5% Triton X-100 (Fisher Scientific), and blocked with 3% BSA (Sigma). Rabbit anti-Fibrillarin (1:1000, abcam) and mouse anti-UBF (1:150, Santa Cruz Biotechnology) were used as the primary antibodies. Alexa Fluor 555 anti-rabbit and Alexa Fluor 647 anti-mouse (Life Technologies) were used as the secondary antibodies. The coverslips were mounted on slides with ProLong Gold Antifade Mountant with DAPI (Invitrogen). Super resolved three-dimensional images of fixed cells were taken on a Zeiss Elyra PS.1 microscope (Carl Zeiss Microscopy, Thornwood) with Structured Illumination Microscopy (SIM) technique using an Apochromat 63x1.4 NA oil objective lens. SIM images were taken at five rotations of the excitation grid with five phases per rotation. Raw images were acquired with 32nm pixel resolution in XY dimension and 90nm spacing between Z-planes. Images were processed with the SIM module of Zen software package (Carl Zeiss Microscopy, Thornwood) . In order to determine the diameter of the Fibrillarin cores, a line scan analysis was applied to the processed SIM images using the Zen software. Only fibrillarin cores, which displayed a positive UBF signal within them, indicating that the fibrillarin was surrounding a fibrillar center, were measured. For each construct the nucleoli of at least 12 cells were analyzed, and were only considered if there were at least 10 measurable fibrillarin cores within the nucleoli of the cell.
Fluorescence Recovery after Photo Bleaching (FRAP)
For the FRAP assay, HeLa cells were seeded onto 4-well chamber slides (Nunc), and incubated for 24h. After 24h, cells were transfected with G3BP1-GFP, or co-transfected with G3BP1-GFP and mCherry DPR expressing plasmids. After 48h incubation, G3BP1-GFP transfected cells were treated with sodium arsenite for 15 min, to induce stress granules. Co-transfected cells with G3BP1-GFP and mCherry-DPR were not treated with sodium arsenite. G3BP1-GFP positive stress granules in the transfected and co-transfected cells were photobleached and the GFP signal intensity was measured before and after photobleaching. For NPM1, NCL, SRSF7, SRSF2 or DDX47 FRAP, GFP-tagged NPM1, NCL, SRSF7, SRSF2 or DDX47 expressing plasmids were co-transfected with mCherry or mCherry-tagged DPR expressing plasmids, and incubated for 48h. The signal intensity of GFP in the nucleoli was measured before and after photobleaching.
Live Cell Imaging and Hazard Analysis
The G3BP1-GFP plasmid was constructed by inserting the G3BP1 (HsCD00042033) in the peGFP-N1 (Clontech) with primers containing the restriction enzyme sites EcoRI and BamHI in the 5 0 and 3 0 site of G3BP1. All live-cell imaging experiments were performed using a Marianas 2 spinning disk confocal (SDC) imaging system on a Zeiss Axio Observer inverted microscope platform. HeLa cells were plated in 4-well lab-Tek chambered coverglass and transfected with indicated plasmids. Before imaging, change the medium to FluoroBrite medium. When imaging, cells were maintained in a humidified 5% CO 2 incubator at 37 C with an environmental control chamber. Multi-positions and definite focus were used during the imaging. Time-lapse images were collected for 870 min using a Zeiss Plan-Apochromat 40 1.3 NA oil objective and Evolve 512 EMCCD camera. Images were analyzed with SlideBook 6 software. For statistical analysis, the imaging time points at which a cell formed stress granules and a cell died were defined. Kaplan-Meier curves were used to estimate hazard functions for stress granule formation and cell death with commercially available software (Prism 6). Differences in Kaplan-Meier curves were assessed with the log-rank (Mantel-Cox) test.
Cell Toxicity Analysis
Cell toxicity of Neuro-2a cells was assayed using Vybrant MTT Cell Proliferation Assay Kit according to the manufacturer's instructions. Briefly, Neuro-2a cells were seeded at a density of 5000 cells per well into 96-well plates, and after 24h incubation, were transfected with DPR expressing plasmids. 48h after transfection, the media was replaced with fresh culture media and MTT reagent was added at a 1:10 volumetric ratio to the media. After a 4h incubation at 37 C, 100mL SDS-HCL solution was added, and the plate was incubated at 37 C for another 4h. Absorbance of the samples was read at 570 nm and DPR toxicity was determined from the growth relative to the control.
Immunoblotting
For Drosophila samples, adult flies were frozen with dry ice and vortexed to remove the head or thorax. Samples from each genotype were homogenized in RIPA buffer with proteinase inhibitor cocktail added. For cultured cells, cells were lysed in RIPA buffer with proteinase inhibitor cocktail added. Sample was mixed with 4X sample buffer (1 M Tris-HCl (pH 6.8), 8% SDS, 40% glycerol, 0.1% bromophenol blue) and boiled for 5 min, separated on an SDS gel and transferred to a membrane. The membrane was blocked, probed with primary antibody, and incubated with secondary antibody. The signal was visualized with either chemiluminescent substrate (SuperSignal West Pico; Pierce) or by using an Odyssey Fc (Li-Cor). Primary western blot antibodies were anti-GFP (AB3080, Millipore or SC-9996 Santa Cruz Biotechnology), anti-b-actin antibody (4967; Cell Signaling Technology or sc-1616, Santa Cruz Biotechnology), anti-KPNA2 (ab70160, Abcam), anti-LBR (ab32535, Abcam), anti-Nucleolin (ab22758, Abcam), anti-NPM1 (MA5-12508, Thermo), anti-C1QBP (#5734, Cell signaling), anti-PABPC1 (Ab21060, Abcam), anti-PTBP1 (MABE623, Millipore), anti-G3BP1 (6111126, BD biosciences), anti-SRSF7 (11044-1-AP, Proteintech), anti-Flag (F7425, Sigma), anti-His (ab18184, Abcam), and anti-GST (71-7500 or MA4-004, Thermo). Species-specific IRDye secondary antibodies were used and visualized using Odysseyâ FC imaging system, and the acquired images were analyzed using Image Studio (LI-COR) software according to the manufacturer's instructions.
Puromycin Incorporation Assay and [
S]-Methionine Labeling
HeLa cells were incubated for 48 hr after DPR expressing plasmids transfection. Then the media was removed and replaced with fresh media containing 1 mM puromycin and incubated for 1 hr. Following incubation, the cells were fixed, permeabilized, and stained with anti-puromycin (3RH11, Kerafast) and anti-EIF4G (Santa Cruz Biotechnology). Alexa Fluors 555 and 647 were used as secondaries for visualization. Images were captured using a LSM 780 NLO (Zeiss) confocal microscope with a 63x objective. The percentage of DPR expressing cells with impaired translation was determined from the absence of puromycin signal. ) were synthesized by the Hartwell Center for Bioinformatics and Biotechnology at St. Jude Children's Research Hospital, Molecular Synthesis Resource, using standard solid phase peptide synthesis chemistry. The peptides were reconstituted from lyophilized form into the assay buffer, the pH was re-adjusted accordingly and the concentration was determined by absorbance at 280 nm. Circular Dichroism 200 mM peptide stocks in 10 mM Tris, 150 mM NaCl (pH 7.5) were diluted to 10 mM final concentration in 10 mM Tris (pH 7.5) or 10 mM Tris, 150 mM NaCl (pH 7.5) buffers to yield the low ionic strength and physiological ionic strength samples, respectively. CD spectra were recorded at 25 C, in an Aviv 202 circular dichoism spectrometer (Aviv Biomedical, Inc, Lakewood, NJ), in a 1 mm path length cuvette, with a signal averaging of 15 s.
Peptide Treatment in Cells
Prior to peptide treatment, cells were seeded onto 8-well chamber slides. After 24h incubation, DMSO solubilized 10 mM of FAM labeled peptides were added to the medium for 60 min. Then cells were subjected to fixation and permeabilization step, and anti-NPM1 antibody was used to validate nucleolus localization.
Protein Expression and Purification
The expression and purification of human hnRNPA1 protein were previously described . The human TIA-1 gene was subcloned into the pETite N-His SUMO Kan expression vector (Lucigen). Human TIA-1 was expressed as His-SUMOtagged fusion protein in HI-Control BL21(DE3) Chemically competent cells (SOLOS) (Lucigen) in LB medium. Cells were lysed in 50 mM HEPES (pH 7.5), 250 mM NaCl, 30 mM imidazole, 2 mM b-mercaptoethanol, and complete protease inhibitor cocktail without EDTA (Roche) with a microfluidizer. The cleared lysate was loaded onto a gravity NiNTA column, washed with lysis buffer, and eluted in 50 mM HEPES (pH 7.5), 250 mM NaCl, 300 mM imidazole, and 2 mM b-mercaptoethanol. The proteins were treated with 0.1 mg/ml RNase A (Roche) for 5 min at 37oC. The protein was purified by linear gradient elution on ion exchange chromatography with a HiTrap Q column (GE Healthcare). The fractions were analyzed by SDS-PAGE, pooled, and concentrated. They were then subjected to size exclusion chromatography on a Superdex 200 16/60 column (GE Healthcare) equilibrated in 50 mM HEPES (pH 7.5), 400 mM NaCl, and 5 mM DTT. The fractions were analyzed by SDS-PAGE, pooled, concentrated, and stored at À80 C freezer for further use. The human NPM1 gene was subcloned into the pET28 vector (Novagen, Darmstadt, Germany) with an N-terminal hexa-histidine tag and a TEV protease cleavage site. NPM1 was expressed in E. Coli BL21 (DE3) strain (Novagen, Darmstadt, Germany) in Luria broth, and expression was induced at OD 600 $0.6 with 100 mg/mL IPTG. The cultures were incubated with shaking at 20 C overnight. The bacteria were harvested by centrifugation and lysed by sonication in buffer A (25 mM TRIS, 300 mM NaCl, 10 mM b-mercaptoethanol [pH 7.5]), supplemented with EDTA-free protease inhibitors (SigmaFAST, Sigma-Aldrich, St. Louis, MO). The soluble fraction of the lysate was loaded onto a NiNTA column and the bound protein eluted with a linear gradient of buffer B (25 mM TRIS, 300 mM NaCl, 10 mM b-mercaptoethanol, 500 mM Imidazole [pH 7.5]). The hexa-histidine tag was removed by cleavage with TEV protease in an overnight dialysis step, against 4 L of Buffer C (10 mM TRIS, 150 mM NaCl, 2 mM DTT [pH 7.5]) at 4 C. The cleaved product was subsequently purified on a C4 HPLC column, loaded in 0.1% trifluoroacetic acid (TFA) in H 2 O and eluted with a linear gradient of 0.1% TFA in acetonitrile. Fractions containing NPM1, confirmed by SDS-PAGE, were flash frozen and lyophilized. The lyophilized protein was solubilized in 6 M guanidinium hydrochloride buffer at a NPM1 monomer concentration of 100 mM and refolded by dialysis against 3 changes of a 100-fold excess of Buffer C at 4 C. Fluorescent labeling of NPM1 with AlexaFluor 488 was performed as previously described (Mitrea et al., 2016) .
In vitro FLAG pull-down assay Incubated the GR20-FLAG and PR20-FLAG peptides with anti-FLAG M2 antibody-conjugated magnetic beads (Sigma) in IP buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 1 mM EDTA, 0.5% NP40, 10% Glycerol) for 1h at 4 C, then added purified His-NPM1, GST-NCL, His-SUMO-hnRNPA1, His-SUMO-TIA-1, or GST-G3BP1. Washed the beads for 3 times with washing buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 1 mM EDTA, 0.5% NP40, 10% Glycerol), followed by elution with FLAG peptides in elution buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 1 mM EDTA, 0.05% NP40, 10% Glycerol, FLAG peptide: 500 mg /ml).
In vitro NPM1 Phase Separation Assays All in vitro assays were performed in Buffer C. The ternary mixtures were prepared by first forming the complexes or liquid-like droplets comprised of NPM1 (containing 1 mM AlexaFluor 488-labeled NPM1) with unlabeled SURF6 peptide, followed by the addition of the poly-xR peptides. 1 mM Alexa488-NPM1 or 1 mM TAMRA-poly-xR peptides were included in the samples for fluorescence microscopy detection. The samples were incubated at room temperature for 1 hr and transferred to 16-well chambered slides (Grace Bio-Labs, Bend, OR), pre-coated as described (Mitrea et al., 2016) . Fluorescence confocal microscopy images were collected using a Zeiss Axio Observer (Carl Zeiss Microscopy, Jena, Germany) microscope with a 63X 1.40 NA oil magnification objective. Images were processed in Slidebook 6.0 (Intelligent Imaging Innovations, Gottingen, Germany).
In vitro Determination of hnRNPA1 and TIA-1 Phase Diagrams For the phase separation of hnRNPA1 iwth DPRs, 50 mM hnRNPA1 were mixed with 50 mM TAMRA labeled polypeptides and DIC images were taken at RT. 100 mg/ml ficoll was added to the samples. For the phase diagram of hnRNPA1, experiment was performed in 50 mM HEPES, 150 mM NaCl, 5 mM DTT at 16 C. For the phase separation of TIA-1 with DPRs, 5 mM TIA-1 were mixed with 5 mM TAMRA labeled polypeptides at RT. 100 mg/ml ficoll was added to the samples. For the phase diagram of TIA-1, experiment was performed in 50 mM HEPES, 150 mM NaCl, 5 mM DTT at 22 C. The presence or absence of droplets was scored using a Linkam PE100 thermal stage mounted on a Marianas spinning disk confocal (SDC) imaging system on a Zeiss Axio Observer inverted microscope platform. Sealed sample chambers containing protein solutions comprised coverslips sandwiching Secure-Seal Imaging Spacers (0.12 mm depth) were taped on the PE100 silver heating/cooling block.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical parameters including the definitions and exact values of n (e.g., number of biological repeats, number of flies, number of cells, etc), distributions and deviations are reported in the Figures and corresponding Figure Legends . Data of Drosophila viability analysis, MTT assay, fibrillar center measurement, translation assay and FRAP assay were expressed as mean ± SEM p > 0.05, not significant, *p < 0.05, **p < 0.01 and ***p < 0.001 by Two Way ANOVA, One Way ANOVA, Log-rank test or Student's t test. Statistical analysis was performed in GraphPad Prism or Excel.
DATA AND SOFTWARE AVAILABILITY
Data Resources
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD004938. A) HeLa cells expressing either transfected GFP or GFP-tagged DPR were immunostained with NPM1 (red) and G3BP1 (purple) specific antibodies. DAPI was used to visualize the nucleus. GR 50 and PR 50 but not other DPRs or GFP were found to colocalize with NPM1 and induce the formation of G3BP1 positive cytoplasmic stress granules. Scale bar, 10 mm. (B) The percentage of cells in which the transfected DPR was found to localize to nucleoli. (C) FAM-labeled GR 20 or PR 20 peptides (green, 10 mM) were incubated in HeLa cell culture media for 60 min and their nucleolar localization was determined using an NPM1 specific antibody (red). Scale bar, 10 mm. (D) HeLa cells were transfected with GFP, GFP-GR 50 , GFP-PR 50 or GFP-GA 50 . GFP-positive nucleoli were analyzed by FRAP. The yellow circle marks the photobleached region. Representative images of the same area before and after photobleaching at different times are shown. Scale bar, 10 mm. ' (E) Signal intensity of GFP fluorescence in the photobleached yellow circle region was plotted over time. The average fluorescence before photobleaching was counted as 100%. Data are represented as mean ± SEM n = 10 cells per sample, p values for GFP-GR 50 , GFP-PR 50 or GFP-GA 50 (over GFP control) < 0.001 by Student's t test, paired. (F) HeLa cells were transfected with GFP-GR 50 , GFP-PR 50 , or GFP-GA 50 for 48 hr, then changed the media with 3.5% 1,6-hexanediol and imaged the cells continuously for 1 hr. (G) HEK293T cells were transfected with GFP, GFP-GR 50 , GFP-PR 50 , GFP-GA 50 , GFP-GP 47 , or GFP-PA 50 , incubated for 48 hr, and then sequentially extracted with RIPA buffer and urea buffer. Immunoblotting was conducted with anti-GFP antibody. 
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